Context.-Hospitals that treat a relatively high volume of patients for selected surgical oncology procedures report lower surgical in-hospital mortality rates than hospitals with a low volume of the procedures, but the reports do not take into account length of stay or adjust for case mix.
A NUMBER of cancer studies have been conducted using hospital volume of patients treated as a measure of surgical expertise, following a tradition of the use of patient volume in studies of variations in outcomes between hospitals and between surgeons. 1 In the United States, all population-based studies of this issue have used state discharge databases and in-hospital mortality as the end point, notably the studies of pancreatectomy in New York, 2 California, 3 and Maryland 4 ; studies of lung cancer in California 5 ; and hepatic resections in Maryland. 6 All these studies demonstrated much lower mortality in high-volume hospitals.
There are significant limitations to the use of discharge data for this purpose. First, one must use in-hospital mortality as the end point, but this could be affected by hospital policies regarding length of stay. Case mix adjustments for disease severity are limited by the availability and quality of data on disease severity in the discharge database. Finally, one cannot effectively identify individual patients and link them to their cancer diagnosis for the purpose of creating a population-based cohort of incident cases and for determining important factors such as time since diagnosis.
In our study, we circumvented these problems by accessing the Surveillance, Epidemiology, and End Results (SEER)-Medicare linked database. 7 Use of the SEER database permitted the creation of a population-based census of incident cancer patients during the target time period for the study (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) . Linkage to Medicare permitted, for patients older than 65 years, identification of precise details of the surgical procedures performed, if any, including dates, information on comorbidities, and followup data on survival. The most critical attribute of this approach is the ability to determine survival at a landmark time point, 30 days after surgery, thereby eliminating the need to use the potentially biased discharge status in evaluating mortality rates.
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To our knowledge, the only study that has evaluated postoperative 30-day mortality in a similar population-based fashion is the study of colorectal cancer surgery in Scotland, 8 in which variations in mortality rates among surgeons were observed, although there was no apparent effect of surgeon volume.
METHODS

Selection of Study Hypotheses
In studying a general hypothesis using a large database with information on all cancers, there is a danger of overinterpreting apparent correlations due to the many sites and procedures that could be studied and the various ways that mortality and volume could be defined. Thus, we approached this study in a hypothesis-driven fashion by developing a protocol and specifying in advance the precise details of our methodology, including the cancer sites and procedures to be studied, the measures of volume and mortality to be used, and the statistical tests to be used. This protocol was reviewed and approved by representa-tives from the National Cancer Institute (SEER) and the Health Care Financing Administration (Medicare) primarily to address issues of confidentiality and feasibility. After this approval, we were given access only to data for the sites of disease specified in our protocol. The analysis and interpretation of the data are the sole responsibility of the authors and do not represent the views of either the National Cancer Institute or Health Care Financing Administration.
Specific Procedures Studied and Rationale
Experienced surgeons at our institution determined on the basis of collective knowledge the procedures that they believed to be sufficiently complex that mortality differences should be detectable between high-volume and lowvolume hospitals. Five procedures were selected: pancreatectomy, including proximal pancreatectomy (International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] code 52.51), radical subtotal pancreatectomy (ICD-9-CM 52.53), other partial pancreatectomy (ICD-9-CM 52.59), total pancreatectomy (ICD-9-CM 52.6), and radical pancreaticoduodenectomy (ICD-9-CM 52.7); esophagectomy, including esophagectomy not otherwise specified (ICD-9-CM 42.40), partial esophagectomy (ICD-9-CM 42.41), and total esophagectomy (ICD-9-CM 42.42); complete pneumonectomy (ICD-9-CM 32.5); hepatic resection, including partial hepatectomy (ICD-9-CM 50.22), and lobectomy of liver (ICD-9-CM 50.3); pelvic exenteration, including radical cystectomy (ICD-9-CM 57.71); and pelvic evisceration (ICD-9-CM 68.8). In general, these procedures involve preoperative judgment, diagnostic accuracy, meticulous surgical technique, and demanding postoperative care. Thus, they are all major procedures with significant risk of serious postoperative morbidity and mortality.
SEER-Medicare Linked Database
The SEER database consists of all incident cases of cancer in several defined geographic populations comprising approximately 10% of the population of the United States. 9 The Medicare database has information on all Medicare claims, and it encompasses 97% of individuals aged 65 years or older. The Medicare Provider Analysis and Review files contain records on 100% of hospital admissions since 1984. 7 Up to 5 diagnoses and up to 3 procedures were coded using the ICD-9-CM between 1984 and 1991, with a subsequent increase in the number of codes available. This file also contains dates of the procedures and the date of death. Investigators at the National Cancer Institute and the Health Care Financing Administration have succeeded in matching 94% of the SEER cases with their Medicare records. 
Data
Potential study subjects comprised incident cases of the cancers that made them candidates for 1 of the 5 following procedures: pancreatectomy, cancer of the pancreas (ICD-9-CM 157); esophagectomy, cancer of the esophagus (ICD-9-CM 150); pneumonectomy, cancer of the lung or bronchus (ICD-9-CM 162.2-9); hepatic resection, liver metastases following cancers of the colon and rectum (ICD-9-CM 153, 154.0, 154.1, 154.8); or pelvic exenteration for cancers of the cervix, endometrium, bladder, colon, and rectum (ICD-9-CM 153, 154, 173.5, 179, 180, 182, 184.0-2, 184. 4-9, 188, 195.3) . The study included all cases incident in the SEER registry between 1984 and 1993, inclusive. Our protocol specified that the patient be included in the analysis only if the designated procedure was performed within 2 months of diagnosis, to limit patient heterogeneity, except for hepatic resection, for which the number of procedures at the time of incidence was inadequate for meaningful analysis. Mortality was defined as death within 30 days of hospitalization. We used the date of hospitalization as a replacement for the date of surgery, since the former is coded more reliably in the Medicare database.
Validity of Volume Measure
Hospitals were classified by volume on the basis of the total number of procedures performed in this study between 1984 and 1993. Since the study was restricted to patients 65 years or older, we were concerned that our measure of volume might not accurately reflect experience with the procedure because many procedures would be performed in the hospitals in younger patients and in patients who were not diagnosed as having cancer. To evaluate the validity of our measure of volume, we examined data from the New York State discharge database. We identified all hospitals at which the index procedure had been performed at least 6 times between the years 1990 and 1995 in cancer patients 65 years or older. We ranked these hospitals according to the number of procedures performed in patients 65 years or older and also according to the total number of procedures across all ages. The rank correlations of these 2 rankings are presented in Table 1 , using the Kendall rank statistic. 10 The high values of these correlations support the use of volume as calculated in our study as a valid measure of the ranking of hospitals based on the total volume of procedures conducted.
Statistical Analysis and Power
Our protocol specified that we would assess the impact of volume on mortality using the Mantel-Haenszel test for trend. 11 We elected to perform this analysis without any aggregation to maximize power and eliminate the opportunity to select cut points to optimize the P values. However, in our graphs we display mortality rates in 3 aggregated volume groupings for visual effect. Confidence intervals (CIs) are 95% exact intervals for binomial proportions. Our protocol did not specify precisely how we would accomplish adjustments for case mix. After evaluating the availability and quality of the data, we elected to use a modified comorbidity index. Our index is the one proposed by Romano et al, 12 with the contributions "any malignancy" and "metastatic solid tumor" eliminated. A validation study of this index was conducted by Ghali et al. 13 The index is a modification of the one originally proposed by Charlson et al 14 and it comprises a weighted sum of designated comorbid illnesses. We also adjusted for patient age, grouped into 3 categories (ages 65-69, 70-74, and Ն75 years). In addition, our linkage to the SEER database allowed us to evaluate the influence of the extent of disease by adjusting for cancer stage. The impact of volume on mortality was adjusted for these factors using logistic regression in which the outcome of the patient was that he/she was alive or dead at 30 days, volume was entered as a continuous variable, and *ICD-9-CM indicates International Classification of Diseases, Ninth Revision, Clinical Modification. †Hospitals were ranked separately on the basis of numbers of procedures performed in patients 65 years or older and on the number of total procedures. Any hospital with less than 6 procedures in the older than 65 years group was excluded. This column indicates the rank correlation of the 2 sets of ranks.
comorbidity, cancer stage, and age were classified using indicator variables for the categories in Table 4, Table 5 , and Table 6 . The power of the study was projected in the protocol based on results of earlier studies of pancreatectomy and lung cancer in the literature and a 2-sided test at the 5% significance level. These projections indicated high power, in excess of 95%. Power was not estimated for the remaining procedures due to lack of available data to make meaningful projections.
RESULTS
Accrual of incident cases into the study is described in Table 2 . The data show that a relatively small percentage of elderly patients with these cancers are candidates for these highly invasive procedures. For example, among the 19 205 incident cases of cancer of the pancreas in SEER, diagnosed at age 65 years or older between 1984 and 1993, only 742 patients (3.9%) underwent a pancreatectomy within 2 months of having been diagnosed as having cancer. These percentages are somewhat higher but still relatively low when we restrict attention to patients with localized or regional disease.
The 30-day mortality rates are presented by volume in Table 3 . Thus, for pancreatectomy, the first entry presents combined results for the 126 hospitals, each of which performed 1 pancreatectomy, resulting in an average 30-day mortality rate of 14% (18/126). Statistical analysis for a trend of decreasing mortality with increasing volume leads to P = .004 for pancreatectomy, PϽ.001 for esophagectomy, P = .32 for pneumonectomy, P = .04 for hepatic resection, and P = .04 for pelvic exenteration. The precise nature of the trends are observed more clearly in the Figure, in which the volume categories have been aggregated.
The potential impact of case mix on these results is displayed in Tables 4  through 6 . In Table 4 , the aggregated volume categories are cross-tabulated with the comorbidity index. In general, the distribution of comorbidity is not strongly related to volume, although this association is significant for pancreatec- The points on the graphs represent 30-day mortality rates, aggregated across the designated volume categories. Error bars represent 95% confidence intervals. §An additional 1522 patients received a pelvic exenteration later than 2 months after diagnosis, primarily for recurrent disease. (14) 95 (20) 105 (12) 138 (4) 112 (4) 2 90 (14) 60 (18) 96 (14) 106 (9) 96 (5) 3 87 (15) 66 (26) 84 (7) 108 (5) 147 (3) 4 68 (10) 76 (8) 104 (19) 60 (7) 128 (2) 5 25 (0) 15 (7) 95 (16) 70 (4) 90 (6) 6 36 (8) 48 (2) 114 (16) 36 (2) 90 (3) 7 28 (7) 14 (14) 84 (10) 49 (4) 84 (1) 8 40 (13) 32 (3) 112 (13) 40 (3) 80 (4) 9 63 (2) 9 (0) 63 (19) 72 (1) 10 40 (13) 80 (15) 20 (5) 80 (6) 11 22 (5) 22 (5) 55 (7) 11 (9) 66 (0) 12 48 (6) 12 (8) 12 (8) 12 (0) 48 (2) 13 13 (0) 26 (19) 13 (8) 26 (4) 14 14 (0) 14 (7) 28 (4) 15 90 (7) tomy (P = .04). No evidence of appreciable patient selectivity on the basis of cancer stage (Table 5 ) or patient age (Table 6 ) exists, with the exception that low-volume institutions more frequently report the patient to SEER as unstaged.
The relatively small percentages of cases with metastatic disease were presumably restaged as such because of distant spread discovered during the procedure. The P values for the effects of volume on mortality for each site, after adjusting for these factors using logistic regression, were as follows: pancreatectomy P = .01; esophagectomy PϽ.001; pneumonectomy P = .19; hepatic resection P = .05; pelvic exenteration P = .05. Thus, the results are essentially unaffected by the case mix adjustments. Finally, there was no evidence that discharge prior to death within 30 days had any influence on the results. This was a relatively rare occurrence, except for pneumonectomy, which was evenly distributed across volume categories.
COMMENT
The data provide strong evidence that experience in performing these complex procedures, as represented by hospital volume, results in substantially lower operative mortality. The results are particularly striking for esophagectomy, for which the 30-day mortality drops from 17.3% (95% CI, 13.3%22.0%) in the lowest volume category to 3.4% (95% CI, 0.7%-9.6%) in the highest volume category. For the other sites the corresponding reductions were as follows: pancreatectomy, 12.9% (95% CI, 9.7%-16.6%) to 5.8% (95% CI, 2.5%-11.0%); pneumonectomy, 13.8% (95% CI, 10.9%-17.2%) to 10.7% (95% CI, 8.0%-14.0%); hepatic resection, 5.4% (95% CI, 3.6%-7.8%) to 1.7% (95% CI, 0.4%-5.0%); and pelvic exenteration, 3.7% (95% CI, 2.3%-5.5%) to 1.5% (95% CI, 0.7%-2.8%).
Clinically, these differences are understandable, since esophagectomy and pancreatectomy are procedures for which morbidity is high, and serious morbidity, such as fistula formation, commonly translates into mortality. In pneumonectomy and hepatectomy, the outcome is highly influenced by the intraoperative decision to proceed in a lowrisk patient. This is highlighted by the fact that for hepatic resections the preponderance of procedures are less than lobar (69%). Removal of the pelvic viscera (pelvic exenteration) requires removal of the genital organs in combination with the bladder or rectum or both, followed by reconstruction and a diversion of the urinary and gastrointestinal tract. Most centers that perform these procedures in volume develop a 2-team approach in which one team performs the exenteration and the second team performs the reconstruction. Thus, effective coordination of the surgical staff members is important.
Our study demonstrates that these procedures are performed on relatively small proportions of patients with incident cancers, at least in the restricted age group under investigation. For example, our study indicates that only 3.9% of incident cases of pancreatic cancer undergo pancreatic resection within 2 months of diagnosis. Thus, the patients evaluated in our study constitute a highly selected group, and one can only speculate at the selection factors that play a role. Despite this, our evaluation of comorbidity appears to indicate little evidence that the high-volume hospitals are operating on a more favorable group of patients. The distributions of the comorbidity index as well as cancer stage and age are largely independent of hospital volume, and as a result, the statistical tests are unaffected by adjustments for these factors. The representativeness of the SEER population and its providers for health care research of this nature is a topic that has received recent attention. Nattinger et al 15 have compared the SEER catchment to the entire United States with respect to a variety of characteristics. Although some significant differences were observed, there was no significant difference in either the density of board-certified oncologists or of general surgical specialists. The most cogent issue regarding generalizability in our study is that the use of Medicare restricted our population to patients aged 65 years or older. It is likely that the overall surgical mortality rate should be lower in younger age groups. This is indicated, for example, for pancreatic cancer in 1 of the discharge database studies. 2 Despite the possible influence of age on mortality, it is certainly plausible, indeed likely, that the trend of lower mortality with increased volume may be unaffected by the age restriction in our study.
Our results are broadly consistent with the previous population-based studies of these procedures cited earlier, 2-6 although a multi-institutional study of pancreatectomy showed no volume effect 16 and the large survey of pancreatic cancer conducted by the American College of Surgeons detected only a small volume trend. 17 Variations between surgeons within individual hospitals favoring experienced surgeons have also been observed for pancreatectomy in studies by Pellegrini et al 18 and Andren-Sandberg and Ihse. 19 Related research in studies of breast cancer in the United Kingdom showed specialty care to be associated with long-term survival in 2 studies 20, 21 and with quality-of-life outcomes in another. 22 Finally, a large study of ovarian cancer demonstrated inferior long-term survival in patients treated by general surgeons compared with specialists. 23 In summary, our study contributes to the growing literature supporting the hypothesis that specialist cancer care significantly improves patient outcomes, with the caveat that we are using patient volume to represent specialization. When procedures such as pancreatectomy and esophagectomy are attempted, there is strong evidence that these can be performed more safely in high-volume referral centers. The data support a similar conclusion for hepatic resection and pelvic exenteration, although with less statistical conviction.
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